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Abstract  
The Galapagos Islands are located in the eastern Pacific Ocean where several currents 
interact to create diverse marine environments. Heterotrophic bacteria control how much carbon 
is available to organisms at higher trophic levels; however, the compositions of the Galapagos 
microbiome and how differences in microbial community structure are driven by the diverse 
environmental conditions found among the islands are currently unknown. Environmental 
samples were collected from 18 stations across the islands and DNA was extracted and 
sequenced. The sequencing data was analyzed to estimate the relative and absolute cell 
abundance in each sample. Candidatus Pelagibacter and Synechococcus were the most abundant 
taxa across the majority of the stations. Distinct community compositions were found at stations 
located at the western side of the islands in 2016 when the La Nina strengthened the upwelling 
caused by the Equatorial Undercurrent in this region, suggesting that certain bacteria were 
selected for by the nutrient-rich environment. The findings provide insight into the microbial 
community compositions of the Galapagos marine environment and offer potential microbial 
markers for characterizing the physical environment. 
 
Introduction 
The Galapagos Islands are located in the eastern Pacific Ocean, sitting directly on the 
equator. Several ocean currents interact around the Galapagos Islands. The Equatorial 
Undercurrent (the Cromwell Current) flows eastward along the equator beneath the South 
Equatorial Current, and runs directly into the Galapagos, bringing cold, nutrient-rich deep water 
to the surface on the western side of the islands (Kessler 2006) (Fig. 1A). The South Equatorial 
Current, joined by the Peru Current, brings cold upwelling sea water to the Galapagos Islands, 
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making the climate cooler and milder. These interacting currents create diverse marine 
environments among the islands, which put different selection pressure on the microbial 
communities. 
Microbes are an essential part of marine ecosystems, yet how the types of microbes and 
their functional capabilities encoded in their genomes vary across different habitats remains 
largely unknown (Stocker 2012; Moran 2015). Primary producers, in the form of microbial 
phytoplankton, fix carbon through photosynthesis, forming the foundation of the food web 
(Buchan et al. 2014; Moran 2015). Phytoplankton abundance and activities are limited by the 
amount of inorganic nutrients in the water; therefore, phytoplankton abundance often increases if 
there are more nutrients available in the ecosystem. Some of the carbon fixed by primary 
producers is transferred directly to higher trophic levels, while a large portion is released into the 
water as dissolved organic carbon (DOC). Heterotrophic bacteria take up DOC and can either 
make it available to organisms at higher trophic levels or alternatively make it unavailable 
through continuous recycling in the microbial loop and remineralization to CO2 (Buchan et al. 
2014; Moran 2015).The diversity of bacterial species and their activities can thus have a 
substantial impact on ecosystem processes. Therefore, identifying the types of microbes around 
the Galapagos and how their distribution relates to environmental factors such as ocean currents, 
upwelling, and nutrient conditions enables better understanding of the factors shaping the rich 
ecosystems. 
Metagenomics is the sequencing and analysis of the collective community genome of 
microorganisms from an environmental sample (DeLong et al. 2006). It enables capturing an 
unbiased representation of the taxonomic composition of a given microbial community and what 
potential functions they may be able to perform without need for direct cell cultivation and its 
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accompanying biases. In this project, ca. 700 million metagenomic reads were analyzed to 
answer the following questions: 1) How does microbial community composition vary across the 
Galapagos Archipelago, and 2) Is microbial community composition variation driven by 
differences in environmental conditions, particularly the physical gradients set up by the diverse 
currents entering the archipelago? 
 
Methods     
Environmental sampling. 48 cell samples were collected at stations across the Galapagos 
archipelago, Ecuador in 2015 and 2016 (Fig. 1B; Appendix Table 1). Bacterial cells were 
collected using 3 µm and 0.22 µm filters. The filters were frozen and the volume of water passed 
through the filtering setup was recorded. Along with the cell samples, a range of environmental 
data was collected at each station, including Particulate Organic Carbon (POC), chlorophyll a 
(chl a), phosphate, nitrate, silicate, and cell abundance from flow cytometry (Marchetti Lab, 
UNC Chapel Hill), as well as Dissolved Organic Carbon (DOC) (Gifford Lab, UNC; Meideros 
Lab, UGA). 
DNA extraction and library preparation. DNA was extracted from the frozen 0.22 µm filters 
(representing the free-living bacterioplankton). Prior to starting the extraction, three internal 
standard genomes were added to each sample to make the metagenomes quantitative. For the 
2015 samples, 4.0 ng of Thermus thermophilus, 4.7 ng of Blautia producta, and 2.7 ng of 
Deinococcus radiodurans genomic DNA was added. For the 2016 DNA samples, 4.4 ng of 
Thermus thermophilus, 4.6 ng of Blautia producta, and 3.5 ng of Deinococcus radiodurans 
genomic DNA was added. DNA was then extracted using a Qiagen DNeasy Blood and Tissue 
Kit (Qiagen, Hilden, Germany) following the manufacturer’s procedure. Metagenomic DNA 
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libraries were prepared using the KAPA HyperPlus Library Preparation Kit Protocol (Kapa 
Biosystems Scientific, Massachusetts, United States). DNA was enzymatically fragmented to 
achieve an average fragment size of 395 bp. Barcodes were ligated to the sequences. After 
quantification using Quant-iT PicoGreen dsDNA kit (Molecular Probes Inc., Organ, United 
States), DNA concentrations were normalized and pooled into two sets (one for 2015 and the 
other for 2016) and sent  for sequencing.  
Sequencing, quality control and paired-end assembly. Sequencing data were generated using 
the Illumina HiSeq platform (San Diego, California, United States) at UNC’s High-Throughput 
Sequencing Facility (Chapel Hill, North Carolina). 359 million paired-end reads (2×150 bp) were 
generated from the pooled 2015 samples, and 364 million reads from the 2016 samples. Read 
quality, trimming, and joining were performed using the Galaxy bioinformatics platform (Afgan 
et al. 2016). FastQC was used to perform quality control checks on the sequencing data. 
Trimmomatic was used to trim off any ends of the read that had low quality (sliding window size 
10, average quality threshold 20) and to discard any reads with length < 50 bp. Pear was used to 
assemble paired-end reads (minimum overlap size 10). The assembled paired-end reads, paired-
end reads that could not be assembled (because of lack of overlapping region), and unpaired 
reads (Trimmomatic removed one from the pair) were then concatenated into one file. 
Estimate cell/gene abundance from internal standards. Recovery of internal standards in the 
sequence libraries reflect sequencing coverage and was used to estimate absolute cell and gene 
abundances of taxa for each sample. These estimates were derived from three equations as 
described by Stainsky et al. (2013).          
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In Eq. 1, Sr is the number of molecules of the internal standard genome recovered from 
the sequencing effort. SS is the number of protein encoding internal standard reads in the 
sequence library. Sp is the number of protein encoding genes in the internal standard reference 
genome. 
The quality controlled reads were first annotated via a homology search against the three 
internal standard genomes via BLASTn (e-value <0.001, %ID >90). Duplicate hits and hits 
with %ID < 95, an alignment length < 50% of the read length, or a bit score < 50 were removed 
using a custom Python script (filter_blastn_internal_stds_result_v4.py). The internal standard 
reads were then annotated via a homology search against the internal standard protein database 
using BLASTx (e-value <0.001). Duplicate hits, hits with bit scores < 40 or %ID < 95, were 
removed (blastx_IS_filter.py), and the number of protein encoding internal standard reads in the 
sequence library (Ss) was acquired by counting the remaining hits. Sp was acquired by counting 
protein encoding genes in the internal standard reference genome. The three internal standard 
reference genomes are available on NCBI (IMG Genome IDs of T. thermophilus, D. 
radiodurans, B. producta are 637000322, 2556921628, 2515154176 respectively). 
In Eq. 2, Pg is the total number of protein encoding genes in the sample. Ps is the number 
of protein encoding sequences in the sequence library. Sa is the number of molecules of internal 
standard genome added to the sample. The number of reads in the sequence library is then 
converted to number of genes in the sample by multiplying Sa/Sr. Sa was calculated by dividing 
the weight of the added genome by the weight of a single internal standard genome. Ps was 
determined by identifying non-internal standard protein encoding reads through annotation. 
Gene Annotation. After removal of internal standard reads, all remaining reads were annotated 
using a homology search against NCBI’s Reference Sequence database (RefSeq, version 84) 
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containing bacterial and archaeal protein sequences via the Diamond search algorithm (blastx z--
salltitles  --max-target-seqs 1 --block-size 70  --index-chunks 1 --threads 35) (Buchfink et al. 
2015). Duplicate hits and any hits with bit score < 50 were removed 
(diamond_result_bitscore50_filter_linux.py). To identify reads of viral origin, a homology search 
against NCBI’s RefSeq viral database (v85) was conducted using Diamond (same parameters). 
The same Python script was used to remove duplicate hits and hits with bit scores lower than 50. 
Bacterial annotated reads were replaced by a viral annotation if the viral hit had a higher bit 
score. The number of protein encoding sequences in the sequence library (Ps) was acquired by 
counting bacterial and archaeal hits. 
In Eq. 3, Ga is the number of molecules of any particular gene category in the sample. Gs 
is the number of sequences of any particular gene category in the sequence library. One can be 
converted into another using the conversion factor Sa/Sr. Cells L
-1 was calculated by dividing the 
number of protein encoding genes in the sample (Pg) by 2000, the approximate average number 
of genes in bacterial cells (Koonin and Wolf 2008), and by the volume of filtered seawater. 
When considering a particular gene category, the number of molecules of that particular gene 
category in the sample (Ga) was divided by the volume of filtered seawater to give gene 
abundance (genes L-1). 
Estimate cell abundance from single copy gene (recA). Genome and cell abundances were 
estimated based on the number of recA annotated reads in a sample. Recombinase A (recA) is a 
single copy gene, and therefore one read is representative of a single genome. A bacterial and 
archaeal RecA protein database was constructed by identifying proteins in the NCBI’s Reference 
Sequence protein database (v84) annotated with the key words "recombinase RecA", "protein 
RecA", "recombinase A", or "RecA protein". The metagenomic reads were then compared to the 
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RecA database using Diamond (same parameters as before). Duplicate hits and any hits with bit 
score < 50 were removed (diamond_result_bitscore50_filter_linux.py).  The number of recA 
reads in the sequence library (Gs) was acquired by counting reads that have been annotated as 
recA in both search against RecA database and search against RefSeq database. The abundance 
of recA genes in the sample (Ga) was calculated using the conversion factors Sa/Sr in Eq. 3. The 
average genome size in each sample was estimated by dividing the number of total annotated 
reads by the number of recA reads. 
Taxonomic annotations. The community composition of the samples was determined by 
matching the protein accession number of the annotated read with taxon ID using the NCBI 
taxonomy database (downloaded on Oct. 25th, 2017). These taxonomic annotations were then 
compiled into a summary table by counting the number of reads for each taxon in each sequence 
library (all_lineage.py, get_ranked3.py). Entries with the same genus were collapsed. The read 
counts were then converted into cells L-1 using the conversion factors Sa/Sr, filtered volume and 
2000. The table was used to make the community compositions heatmap across samples. Figure 
2 and 3 were made using R package ggplot2 (Wickham, 2009). 
 
Results 
Metagenomic sequencing and cell abundance estimation. Sequencing of the 2015 samples 
yielded 358,981,271 paired-end reads produced across 23 station samples. After trimming low 
quality reads, assembling overlapping paired-end reads, and removing the internal standard 
reads, 356,761,607 (90.8%) reads remained. A homology search against NCBI’s Refseq database 
resulted in 193,818,125 (54.3%) reads with significant homology to bacterial, archaeal, or viral 
genes. For the 2016 samples, 364,092,724 paired-end reads were produced from 24 samples. 
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After trimming, paired-end assembly, and internal standard removal, 88.9% of reads remained, 
and 175,506,420 (48.3%) of these reads were homologous with bacterial or archaeal genes. 
Estimation of cell abundance using internal standard recovery showed that on average 2.6×1012 
protein encoding genes L-1 were found in each sample in 2015 (Appendix Table 1). Assuming an 
average open ocean bacterial genome contains 2000 protein encoding genes (Koonin and Wolf 
2008), this results in 1.3×109 cells L-1. 142,350 recA genes/reads in total were found and an 
average of 1.9×109 cells L-1 was estimated from the number of recA genes. For the 2016 samples, 
an average of 2.4×109 cells L-1 was estimated assuming 2000 genes genome-1 and average of 
3.7×109 cells L-1 was estimated from the 135,688 recA genes found. The average estimated 
genome size was 1300 (± 96 S.D) genes genome-1 for the 2015 samples and 1297 (± 162 S.D) 
genes genome-1 for the 2016 samples. 
Environmental conditions and flow cytometry data. The levels of inorganic nutrients were 
largely synchronized (Fig. 2). High nitrate, phosphate and silicates levels were observed in 2016, 
especially at stations 3 and 24. High levels of chlorophyll a in the small size fractions (< 5 µm) 
were found at stations 4, 14, 16 and 18 in both years. The flow cytometry data showed that the 
average abundance of Prochlorococcus was 6.4×107 cells L-1 in 2015 and 1.1×107 cells L-1 in 
2016. High abundances of Prochlorococcus were found at stations 9 through 26 in 2015 and at 
stations 14 through 26 in 2016 (Fig. 2). The average abundance of Synechococcus was 8.7×107 
cells L-1 in 2015 and 5.6×107 cells L-1 in 2016. High abundance of Synechococcus was found at 
stations 4 and 14 in 2015, and at station 14 in 2016. The average dissolved organic carbon 
(DOC) in 2015 was 77 μM in 2015 and 66 μM in 2016. DOC was found below 70 μM at stations 
1 through 12 in 2016. At stations 3 and 4, DOC dropped below 50 μM. 
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General trends in cellular abundance. The average cellular abundance estimated from the 
metagenomes of bacterial taxa in 2015 and 2016 was 1.27 ×109 cells L-1 and 2.36 ×109 cells L-1. 
Members of the SAR11 clade (Candidatus Pelagibacter) and Synechococcus were the top two 
taxa across the majority of stations, averaging 4.0×108 and 2.1×108 cells L-1 respectively. The 
majority of the remaining taxa had an average ranging from 104 to 106 cells L-1. The least 
abundance taxa found in the sequence library were estimated to have 61.0 cells L-1 in a single 
sample. The distribution indicated that the community was composed of a handful of highly 
abundant taxa and a long tail of rare taxa. 
Taxa specific trends. In 2015, increased abundances of Leeuwenhoekiella were found at station 
9 and station 12 through 26. Stations 2, 3, 5, 6, 7, 14 and 16 had increased abundances of 
Formosa, Flavobacterium and gamma proteobacterium HIMB55. Samples GN69, GN81, GN83 
had higher abundances across taxa (Fig. 3). 
In 2016, stations 3, 4, 5 and 7 had low abundances of Synechococcus, Prochlorococcus 
and alpha proteobacterium HIMB59 (Fig. 2). Stations 5 and 7 had low abundances of Candidatus 
Pelagibacter. Increased abundances of Rhodobacterales bacterium HTCC2255, Polaribacter, 
gamma proteobacterium HTCC2207, and Gammaproteobacteria bacterium MOLA455 were 
found at stations 3, 4, 5, and 7. Stations 5 and 7 also had increased abundances of 
Rhodobacteraceae members HIMB11 and SB2, as well as Tenacibaculum. Stations 3 and 4 had 
increased abundances of Candidatus Thioglobus and Candidatus Nitrosopelagicus. Increased 
abundances of Leeuwenhoekiella were found at station 9 and station 12 through 26. 
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Discussion 
Strong upwelling leads to distinct community profile. Primary producers contribute to the 
dissolved organic carbon (DOC) pool in the ocean and they are highly active in the surface water 
where they have access to sunlight and can carry out photosynthesis. As a result, fewer primary 
producers are found in deeper waters where there is limited access to sunlight, resulting in lower 
DOC concentration in deep water compared to surface water (Moran 2015). High primary 
productivity in the surface water quickly uses up the nutrients while the downward transport of 
organic matter and microbial remineralization increase the nutrient concentration in deeper 
waters (Moore et al. 2013). Therefore, nutrient levels increase with depth while DOC level 
decreases. 
Stations 2, 3, 4, 5 and 7 were located at the upwelling region and they had lower DOC 
and higher nutrients in 2016 than in 2015, indicating the surface waters in 2016 resembled deep 
waters. This could be explained by the fact that 2015 was an El Nino year and 2016 was a La 
Nina year. In an El Nino event, the slope of the thermocline decreases and the ocean currents 
flowing westward in the Pacific weaken (Philander 1985). As a result, the Equatorial 
Undercurrent and upwelling at the Galapagos also weaken. In a La Nina event, in contrast, the 
thermocline becomes steeper and the upwelling at the Galapagos becomes stronger, causing the 
surface water to acquire deep water characteristics.  
Our measured DOC concentrations and microbial community composition suggest that 
the upwelling in 2016 was so strong that the upwelled water did not have enough time to acquire 
surface water characteristics. In 2015, the upwelling was weakened and thus the DOC and 
nutrient levels were relatively consistent across the stations. All 2016 stations seemed to have 
some deep water characteristics. Among these stations, stations 3 and 4 had the lowest DOC 
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concentrations and highest abundances of members of Candidatus Nitrosopelagicus which is an 
archaeal genus. Archaea abundances are enriched below the photic zone (Karner et al. 2001). 
Stations 3, 4, 5 and 7 had increased abundances of Rhodobacterales bacterium HTCC2255, 
gamma proteobacterium HTCC2207 and Polaribacter which were also found abundant at 
Monterey Bay, California (Ottesen et al. 2011) where strong upwelling happens seasonally 
(Timothy Pennington and Chavez 2000). In addition to Polaribacter, other groups of 
Flavobacteriia, including Formosa and Tenacibaculum were found to have increased abundance 
at these stations (Fig. 3). Many flavobacteria species have been associated with algae bloom 
(Teeling et al. 2012), which provides a similar nutrient-rich environment for the bacteria as the 
one found at upwelling site. Environmental data and community compositions support that 2016 
had very strong upwelling and the microbial community profile changed as a consequence. 
Cyanobacterial trends. Station 14 is located at Darwin Bay, which is a collapsed volcanic crater 
filled with sea water. Little is known about the physical and chemical oceanography of this site 
but it is possible that terrestrial input enhances the nutrient level and results in high primary 
productivity. The increase in chlorophyll a was mainly contributed by small size fractions (Fig. 
2), indicating that bacterial primary producers were abundant and active at the crater. Based on 
the flow cytometry data (Fig. 2), Synechococcus was the major contributor to the increase in 
chlorophyll a and thus primary productivity at the crater.  
 Prochlorococcus is known to be highly abundant in oligotrophic oceans (Johnson et al. 
2006). Our data show increased abundances of Prochlorococcus at the eastern stations, 
indicating that the eastern side of the islands resembles an oligotrophic open ocean environment.  
In conclusion, the Galapagos microbiome consists of several abundant taxa (e.g. 
Pelagibacteraceae, Synechococcaceae, Flavobacteriaceae and Rhodobacteraceae) and a diverse 
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group of less abundant taxa. The overall taxonomic compositions resemble many other surface 
ocean microbiome (Sunagawa et al. 2015). Due to the effects of La Nina, the communities at the 
upwelling sites showed distinct compositions and bacteria that are adapted to eutrophic 
environments dominated. In contrast to that of the nutrient-rich western side, more oligotrophic 
bacteria were found at the eastern side of the islands. The physical gradients caused by the 
currents lead to variations in microbial communities.  
 
Figure 1. A) Ocean currents intersecting with the Galapagos (green box) and B) sample station 
map for the 2015 and 2016 research expedition.  
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Figure 2. Environmental measurements and flow cytometry data in 2015 and 2016. DOC, 
POC, nitrate, phosphate and silicate concentrations were measured in µM. Chlorophyll a (small 
size fractions: < 5 µm; large size fractions: > 5 µm) were measured in mg m-3. Prochlorococcus 
and Synechococcus cell counts were measured in 107 cells L-1. Missing data points represent 
missing measurements.  
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Figure 3. Community composition heatmap. This heatmap shows 34 of the most abundant 
genera. The size of the circle represents the proportion of cell abundance across stations. The 
color of the circle indicates the log transformed absolute abundance (cells L-1). Samples GN01 
through GN111 were from 2015 and samples GN201 through GN295 were from 2016. Sample 
GN09 was excluded from this figure because its volume of filtered seawater was uncertain. Taxa 
were collapsed by genus and taxa that did not have a genus were marked with "(no genus)". 
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Appendix  
Table 1. Sequencing and analysis statistics of samples. "total Reads" describes the number of 
reads after trimming low quality reads, assembling overlapping paired-end reads, and removing 
the internal standard reads. "B" stands for Blautia producta, "D" stands for Deinococcus 
radiodurans, and "T" stands for Thermus thermophilus. For 2015 samples, Sa-Blautia is 7.5×10
5, 
Sa-Deinococcus is 8.0×10
5, and Sa-Thermus is 2.1×10
6 (unit: genome). For 2016 samples, Sa-
Blautia is 7.4×105, Sa-Deinococcus is 1.1×10
6, and Sa-Thermus is 2.3×10
6 (unit: genome). 
Sample GN59 had missing filtered volume and the volume shown was estimated. 
 
sa
m
p
le
st
at
io
n
vo
lu
m
e 
fi
lt
er
ed
p
ai
re
d
-
en
d
 
re
a
d
s
to
ta
l 
R
e
ad
s
an
n
o
ta
te
d
 
b
ac
te
ri
al
 
p
ro
te
in
s
Sr
-B
Sr
-D
Sr
-T
P
g-
B
P
g-
D
P
g-
T
P
g-
M
ea
n
p
ro
te
in
 
en
co
d
in
g 
ge
n
es
ge
n
o
m
e 
eq
u
iv
al
en
ts
 
(g
en
o
m
e 
si
ze
 
2
0
0
0
)
re
cA
 
co
u
n
t
ge
n
o
m
e 
eq
u
iv
al
en
ts
 
(r
ec
A
)
m
ea
n
 
ge
n
o
m
e 
si
ze
 (
re
cA
 
ra
ti
o
)
G
N
#
#
L
x 
1
0
^7
x 
1
0
^7
x 
1
0
^6
x 
1
0
^1
2
x 
1
0
^1
2
x 
1
0
^1
2
x 
1
0
^1
2
x 
1
0
^1
2
x 
1
0
^1
2
x 
1
0
^1
2
1
0
^1
2
 L
^-
1
ce
ll/
L
co
u
n
t
ce
ll/
L
kB
1
1
2
.2
1
.6
1
1
.6
0
8
.1
7
1
.8
3
2
.6
3
7
.4
5
3
.3
7
2
.4
7
2
.2
7
2
.7
0
1
.2
3
6
.1
5
6
3
3
2
9
.4
5
1
2
9
1
3
1
2
.8
1
.3
7
1
.3
6
7
.1
6
1
.6
3
2
.4
4
6
.9
4
3
.3
0
2
.3
4
2
.1
4
2
.5
9
0
.9
4
4
.7
1
5
6
4
5
7
.3
8
1
2
6
8
7
2
2
.3
1
.1
6
1
.1
5
7
.0
9
0
.9
6
1
.2
0
3
.0
6
5
.5
9
4
.7
1
4
.8
0
5
.0
3
2
.2
4
1
1
.1
8
4
6
4
5
1
4
.5
3
1
5
2
6
9
2
2
.8
1
.7
5
1
.7
4
8
.8
9
0
.3
0
0
.2
3
0
.5
2
2
2
.1
0
3
0
.1
8
3
5
.2
5
2
9
.1
8
1
0
.6
1
5
3
.0
5
6
9
6
0
8
1
.5
8
1
2
7
7
1
1
2
2
.6
1
.7
6
1
.7
5
1
0
.0
4
0
.8
6
0
.8
5
1
.9
1
8
.7
6
9
.3
6
1
0
.8
7
9
.6
6
3
.7
2
1
8
.5
8
7
0
4
8
2
5
.8
0
1
4
2
4
1
5
3
2
.5
1
.7
4
1
.7
4
9
.2
8
1
.9
1
2
.9
2
9
.3
2
3
.6
6
2
.5
3
2
.0
6
2
.7
5
1
.1
0
5
.5
0
6
7
1
9
7
.9
0
1
3
8
2
1
9
4
2
.0
1
.1
2
1
.1
1
5
.7
2
0
.8
3
1
.1
9
3
.6
3
5
.1
8
3
.8
3
3
.2
6
4
.0
9
2
.0
5
1
0
.2
3
4
3
2
0
1
5
.3
3
1
3
2
4
2
7
5
2
.5
1
.6
6
1
.6
5
9
.7
5
1
.3
6
1
.5
8
6
.5
1
5
.4
0
4
.9
1
3
.1
0
4
.4
7
1
.7
9
8
.9
4
7
3
1
3
1
3
.3
3
1
3
3
4
3
5
6
2
.0
1
.6
4
1
.6
3
9
.1
0
1
.2
2
1
.6
2
3
.8
6
5
.6
3
4
.4
7
4
.8
8
4
.9
9
2
.5
0
1
2
.4
9
7
1
8
7
1
9
.5
4
1
2
6
6
3
9
7
1
.8
1
.2
3
1
.2
3
7
.0
4
2
.8
3
1
.6
0
6
.0
2
1
.8
8
3
.4
9
2
.4
2
2
.6
0
1
.4
8
7
.4
2
5
6
5
7
1
1
.8
2
1
2
4
5
4
5
9
2
.8
1
.6
0
1
.5
9
8
.5
9
1
.6
3
1
.4
9
5
.4
3
3
.9
7
4
.5
9
3
.2
7
3
.9
5
1
.4
4
7
.1
8
6
6
1
2
1
0
.9
3
1
3
0
0
5
3
1
0
2
.7
1
.4
7
1
.4
7
8
.5
0
2
.2
0
2
.2
0
5
.3
3
2
.9
1
3
.0
7
3
.3
0
3
.0
9
1
.1
5
5
.7
3
6
5
1
0
8
.7
2
1
3
0
5
5
7
1
1
2
.5
1
.5
1
1
.5
0
7
.8
2
1
.5
9
1
.5
8
6
.1
4
3
.7
0
3
.9
5
2
.6
3
3
.4
3
1
.3
7
6
.8
5
6
6
7
4
1
1
.5
9
1
1
7
2
5
9
1
1
2
.4
1
.4
5
1
.4
4
7
.9
1
1
.4
5
1
.4
0
4
.0
4
4
.1
0
4
.5
0
4
.0
5
4
.2
2
1
.7
6
8
.7
9
7
4
8
3
1
6
.4
6
1
0
5
7
6
1
1
2
2
.1
1
.4
6
1
.4
5
7
.0
3
1
.4
9
1
.5
6
4
.9
3
3
.5
7
3
.5
8
2
.9
5
3
.3
7
1
.6
0
8
.0
1
5
6
1
4
1
2
.6
8
1
2
5
3
6
9
1
4
2
.2
1
.3
0
1
.2
9
7
.1
7
0
.6
7
0
.5
0
1
.4
5
8
.0
2
1
1
.3
4
1
0
.2
4
9
.8
7
4
.4
9
2
2
.4
3
4
7
9
2
2
9
.6
3
1
4
9
6
8
1
1
6
2
.6
1
.9
3
1
.9
2
1
0
.9
7
1
.0
3
0
.8
3
2
.0
7
8
.0
3
1
0
.5
2
1
0
.9
8
9
.8
4
3
.7
9
1
8
.9
3
8
6
6
3
2
9
.6
9
1
2
6
6
8
3
1
6
2
.5
1
.5
4
1
.5
3
8
.9
7
1
.1
1
1
.1
2
2
.8
8
6
.0
9
6
.3
5
6
.4
4
6
.2
9
2
.5
2
1
2
.5
8
6
7
1
2
1
8
.7
2
1
3
3
6
8
5
1
8
2
.3
1
.7
6
1
.7
6
9
.8
8
1
.3
7
1
.9
2
5
.1
6
5
.4
2
4
.0
9
3
.9
7
4
.4
9
1
.9
5
9
.7
6
7
6
7
7
1
5
.0
5
1
2
8
7
9
3
2
0
2
.5
1
.3
8
1
.3
8
7
.4
1
0
.9
8
1
.1
4
2
.6
9
5
.6
8
5
.1
7
5
.7
1
5
.5
2
2
.2
1
1
1
.0
3
5
9
3
7
1
7
.5
2
1
2
4
9
9
9
2
2
2
.7
1
.7
2
1
.7
1
8
.5
0
1
.0
8
1
.1
7
2
.9
5
5
.9
2
5
.7
7
5
.9
7
5
.8
9
2
.1
8
1
0
.9
0
6
6
4
0
1
6
.9
0
1
2
8
1
1
0
5
2
4
2
.7
1
.8
0
1
.7
9
8
.6
7
2
.2
2
2
.8
7
7
.0
1
2
.9
5
2
.4
0
2
.5
6
2
.6
3
0
.9
8
4
.8
8
6
6
8
8
7
.4
6
1
2
9
6
1
1
1
2
6
2
.6
1
.9
6
1
.9
5
1
0
.1
4
1
.4
1
1
.4
0
3
.6
0
5
.4
4
5
.7
5
5
.8
4
5
.6
8
2
.1
8
1
0
.9
2
8
0
0
5
1
7
.0
2
1
2
6
7
2
0
1
1
1
.8
1
.3
5
1
.3
5
6
.0
0
0
.2
8
0
.3
6
0
.7
3
1
6
.0
8
1
7
.6
7
1
8
.5
7
1
7
.4
4
9
.6
9
4
8
.4
3
5
1
9
3
8
2
.9
8
1
1
5
6
2
0
5
1
2
.1
1
.5
5
1
.5
5
7
.3
4
0
.5
5
0
.5
6
1
.3
4
9
.9
1
1
3
.6
5
1
2
.4
1
1
1
.9
9
5
.7
1
2
8
.5
5
6
0
1
1
4
6
.2
8
1
2
2
1
2
1
1
3
2
.0
1
.5
9
1
.5
8
8
.3
5
1
.4
4
1
.4
2
3
.4
8
4
.3
1
6
.1
3
5
.4
4
5
.3
0
2
.6
5
1
3
.2
4
6
1
5
8
1
9
.4
6
1
3
5
6
2
1
5
4
2
.2
1
.4
3
1
.4
2
7
.2
4
0
.4
9
0
.6
6
1
.6
0
1
0
.9
4
1
1
.4
1
1
0
.3
0
1
0
.8
8
4
.9
5
2
4
.7
4
5
4
2
9
3
6
.9
2
1
3
3
4
2
1
7
4
1
.8
1
.3
2
1
.3
1
6
.6
9
0
.7
1
0
.7
2
1
.5
2
7
.0
3
9
.7
1
9
.9
7
8
.9
0
5
.0
9
2
5
.4
4
4
9
2
4
3
7
.2
4
1
3
5
9
2
2
3
5
2
.1
1
.6
0
1
.6
0
1
0
.1
2
0
.9
4
1
.0
5
2
.3
6
8
.0
0
1
0
.0
4
9
.7
4
9
.2
6
4
.4
1
2
2
.0
5
6
4
4
0
2
7
.9
6
1
5
7
1
2
2
5
7
1
.5
1
.7
0
1
.7
0
9
.6
2
2
.8
3
2
.6
9
6
.2
8
2
.5
2
3
.7
4
3
.4
8
3
.2
5
2
.1
6
1
0
.8
2
5
4
7
8
1
2
.2
4
1
7
5
6
2
2
7
7
1
.8
1
.5
2
1
.5
1
7
.7
3
0
.8
6
1
.2
2
2
.5
8
6
.6
6
6
.6
1
6
.8
1
6
.6
9
3
.8
3
1
9
.1
3
4
5
3
1
2
2
.2
9
1
7
0
5
2
3
3
9
2
.0
1
.7
2
1
.7
2
8
.4
6
1
.5
2
1
.6
5
3
.3
6
4
.1
1
5
.3
7
5
.7
1
5
.0
6
2
.5
3
1
2
.6
6
6
9
3
5
2
0
.5
1
1
2
1
9
2
3
9
1
4
2
.1
1
.2
7
1
.2
6
6
.3
8
0
.6
1
0
.5
6
1
.2
9
7
.7
5
1
1
.9
1
1
1
.2
3
1
0
.3
0
4
.9
0
2
4
.5
2
4
9
8
7
3
7
.8
3
1
2
7
9
2
4
1
1
4
2
.2
1
.3
6
1
.3
6
6
.7
9
0
.6
8
0
.5
5
1
.2
8
7
.4
1
1
2
.9
3
1
2
.0
5
1
0
.8
0
4
.9
1
2
4
.5
4
5
2
1
4
3
7
.1
1
1
3
0
3
2
4
5
1
2
2
.1
1
.5
2
1
.5
1
7
.4
9
0
.8
0
0
.8
5
1
.7
6
6
.9
1
9
.1
7
9
.6
6
8
.5
8
4
.0
9
2
0
.4
3
6
2
1
7
3
3
.5
3
1
2
0
5
2
5
1
1
1
2
.1
1
.4
0
1
.4
0
6
.0
9
0
.7
6
0
.8
0
1
.8
0
5
.9
2
7
.9
1
7
.7
0
7
.1
8
3
.4
2
1
7
.0
9
5
4
7
3
3
0
.3
7
1
1
1
3
2
5
3
1
1
2
.1
1
.5
5
1
.5
5
7
.1
5
0
.8
6
0
.6
8
1
.5
7
6
.1
4
1
1
.0
3
1
0
.3
3
9
.1
6
4
.3
6
2
1
.8
2
6
2
5
3
3
7
.7
1
1
1
4
3
2
5
5
1
8
1
.7
1
.6
1
1
.6
1
7
.4
1
0
.3
4
0
.3
7
0
.7
9
1
6
.1
8
2
0
.7
2
2
1
.4
5
1
9
.4
5
1
1
.4
4
5
7
.2
0
6
1
0
0
9
2
.8
8
1
2
1
6
2
5
7
1
8
2
.1
1
.4
8
1
.4
7
7
.0
8
0
.5
9
0
.6
4
1
.2
9
8
.8
7
1
1
.5
4
1
2
.5
0
1
0
.9
7
5
.2
2
2
6
.1
2
5
5
8
5
4
0
.6
7
1
2
6
8
2
6
3
1
6
2
.0
1
.6
2
1
.6
2
7
.1
8
0
.6
6
0
.8
0
1
.7
2
8
.0
8
9
.3
8
9
.4
7
8
.9
8
4
.4
9
2
2
.4
4
5
5
7
4
3
4
.5
1
1
2
8
8
2
6
5
1
6
2
.2
1
.9
3
1
.9
3
9
.4
7
1
.3
9
1
.2
7
2
.8
8
5
.0
5
7
.8
1
7
.4
5
6
.7
7
3
.0
8
1
5
.3
9
7
3
4
4
2
3
.6
0
1
2
8
9
2
6
9
2
0
2
.1
1
.5
5
1
.5
5
6
.9
2
1
.0
3
1
.2
9
2
.6
0
4
.9
8
5
.6
2
6
.0
5
5
.5
5
2
.6
4
1
3
.2
1
5
6
1
1
2
1
.1
1
1
2
3
3
2
7
5
2
2
2
.0
1
.4
7
1
.4
6
6
.1
5
0
.9
7
1
.1
4
2
.7
1
4
.7
2
5
.6
5
5
.1
5
5
.1
7
2
.5
9
1
2
.9
3
4
9
9
4
2
0
.6
9
1
2
3
2
2
7
9
2
4
1
.8
1
.5
5
1
.5
5
6
.4
0
0
.7
1
0
.7
8
1
.9
2
6
.6
7
8
.5
6
7
.5
9
7
.6
1
4
.3
5
2
1
.7
3
5
1
9
8
3
4
.9
1
1
2
3
2
2
8
1
2
4
2
.1
1
.3
2
1
.3
1
5
.8
7
0
.7
3
0
.8
0
1
.8
1
5
.9
3
7
.6
4
7
.3
6
6
.9
8
3
.3
2
1
6
.6
1
4
6
5
8
2
6
.1
2
1
2
6
0
2
9
3
2
6
2
.0
1
.3
0
1
.2
9
5
.8
9
0
.7
3
0
.7
9
1
.8
3
6
.0
0
7
.8
0
7
.3
1
7
.0
4
3
.5
2
1
7
.5
9
4
7
8
7
2
8
.1
0
1
2
3
0
2
9
5
2
6
2
.1
1
.7
0
1
.6
9
7
.6
8
0
.8
8
0
.9
3
2
.2
0
6
.5
0
8
.6
5
7
.9
3
7
.7
0
3
.6
6
1
8
.3
2
6
5
9
4
3
0
.8
7
1
1
6
5
2015 2016
